The graphite nodule count and size distributions for boiling water reactor (BWR) and pressurized water reactor (PWR) inserts were investigated by taking samples at heights of 2160 and 1150 mm, respectively. In each cross section, two locations were taken into consideration for both the microstructural and solidification modeling. The numerical solidification modeling was performed in a two-dimensional model by considering the nucleation and growth in eutectic ductile cast iron. The microstructural results reveal that the nodule size and count distribution along the cross sections are different in each location for both inserts. Finer graphite nodules appear in the thinner sections and close to the mold walls. The coarser nodules are distributed mostly in the last solidified location. The simulation result indicates that the finer nodules are related to a higher cooling rate and a lower degree of microsegregation, whereas the coarser nodules are related to a lower cooling rate and a higher degree of microsegregation. The solidification time interval and the last solidifying locations in the BWR and PWR are also different.
I. INTRODUCTION
SVENSK Ka¨rnbra¨nslehantering AB (SKB) investigated a method to store nuclear waste material. The method consists of a Cu canister with an insert in ferritic nodular cast iron (NCI). The insert has a height of 5 m and a diameter of 1 m with 4 or 12 steel channel tubes inside. It is tricky to cast such a large casting with a homogeneous structure. A large number of casting tests have been performed, and to date, molds have been made in furan sand with the use of an inert atmosphere in the mold during casting. The filling time is 60 seconds, which provides a 5 m s À1 streaming rate for the melt. This streaming rate causes waves and a splashing of the melt surface and a strong convection in the melt during the filling operation. The strong convection and the complex construction with steel tubes result in large variations in the cast structure. Two different types of inserts are produced: one insert has 4 steel channel tubes and another has 12. The insert with 4 steel channel tubes is referred to as pressurized water reactor (PWR), and the insert with 12 steel tubes is named boiling water reactor (BWR). In this report, a structural analysis of a cross section of the two different inserts was performed. A computer analysis of the structure was also performed. More than 30 years of computer analyses of cast structures were used. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] In the beginning, rather simple simulations were performed. Later, more extensive programs have been developed. [17] [18] [19] [20] In this work, the COMSOL Multiphysics computer module for solidification was used. A new COMSOL module based on the kinetic models for the solidification of NCI was developed and combined with the solidification module for the calculation and analysis of the solidification structure. The calculations are compared and discussed in relation to the casting conditions and casting structure. Figure 1 (a) shows a 3D sketch of the BWR insert with 12 steel channel tubes, and a cross section of the sample was investigated. The cross section was taken at a height of 2160 mm. Similarly, Figure 1 (b) shows a sketch of the PWR insert with four steel channel tubes. The cross section locations of the investigated samples are also shown in the figure. The samples were taken at a height of 1150 mm.
II. SAMPLE PREPARATION
Test bars from the mechanical [21, 22] tests were used for a metallographic analysis of the microstructure using scanning electron microscopy and light microscopy. The microstructure was investigated on the polished surface of the samples, which were cut approximately 5 mm behind the fractured surface. The graphite fraction, the graphite nodule size, and its distribution were investigated. In this case, Qwin Standard software and Adobe Photoshop Elements program were used for image analysis.
The samples used for the light microscopy investigation were first analyzed without any etching. Afterwards, the samples were color etched to determine the microsegregation pattern in relation to the uneven graphite nodule distribution observed in the samples. Etching was performed using a hot alkaline solution (28 g NaOH, 1 g KOH, 200 mL H 2 O, and 4 g picric acid) for a time interval of approximately 12 minutes.
III. NUMERICAL MODELS
The simulations are based on the solidification module in the COMSOL module system. The module only considers heat transfer during cooling and solidification and neglects both the heat and mass transport due to convection. However, the heat transport is only slightly affected by convection because the mold is built by sand with a very low heat conductivity, which controls the entire temperature distribution. The mass transport can affect the alloy distribution during the solidification process; however, during the solidification of cast iron, the concentration gradient in the liquid is small, and convection has a limited effect on the element distribution. With these restrictions, the models are presented below. The material properties used in the calculations are presented in Table I .
A. Heat Transfer Between the Casting and Molding Media
In general, the solidification processes of casting metals can be described by heat transfer and phase change formulations. During the solidification of NCI, there are two basic equations that describe the heat transfer process from the molten metal to the molding media. The heat transfer includes convection, conduction, the kinetics of the liquid metal, and radiation terms, whereas the phase change is described by the phase transformation term.
In the first part of the equation, the general heat transfer process involves conduction and convection without the use of radiative heat for the molten NCI. The second part includes heat transfer in the sand mold. The core sand and steel channel tubes are assumed to exhibit continuous heat transfer without air gap formation in the solidifying melt. The heat transfer includes conduction, convection, and radiative processes from the sand mold surface to ambient air.
where q is the density of the metal, C p is the specific heat capacity of the metal, ¶T/ ¶t is the cooling rate of the molten metal, u is the velocity term of the molten metal, k is the thermal conductivity of the metal, _ Q is the heat generation due to the phase changes in the metal, and on the left side of Eq. [2] , the subscripts m and c refer to the mold and steel channel tubes, respectively. The second term on the left side of Eq. [1] will be zero (u = 0), since the liquid is assumed to be stationary during solidification, whereas the density, heat capacity, and heat conductivity of the molten metal will change with changes in the liquid fraction (f) according to
where the subscripts l and s refer to the liquid and solid, respectively. The values used in Eqs. [3] through [5] are presented in Table I . The density, thermal conductivity, and heat capacity of the sand mold and core sand are expressed in terms of the change in temperature. [12] q m ¼ 1739 À 0:0509T; ½6
½8
The outer surface of the mold is assumed to be in contact with the air, and the majority of the heat released from the surface will occur via convection and radiation. The emissivity of air was used for the outer mold surface to compute the heat of radiation.
where _ q c is the heat of convection from the mold surface to the surroundings, _ q r is the heat of radiation from the mold surface to the surrounding atmosphere, T air = 293 K (25°C), h w is the heat transfer coefficient of the mold-air interface, e is the surface emissivity, and r is the Stefan-Boltzmann's constant. The values used in Eqs. [9] and [10] are presented in Table I .
Thus, by coupling Eqs. [1] and [2] , the heat transfer between the molten metal and the mold can be evaluated by considering the continuous heat flow and phase changes.
B. Heat Generation During the Solidification
The solidification model is described by the phase changes, which is represented in the right-hand term in Eq. [1] . This term mainly describes the heat of solidification liberated during liquid to solid phase changes. During the computation, the model considers the fractional change in the liquid as the linear term for a temperature interval between the liquidus and solidus. However, modifications can be made to this variable during a simulation and can be found in the metallurgical model. The latent heat due to the phase changes in the NCI is approximated from a laboratory scale experimental cooling curve. This value is reasonably close to the reported values in the literature. [23] [24] [25] 
where L is the latent heat and df/dt is the rate of the liquid fraction change per unit time. [18] , 0 Partition Coefficient of C (k
(0.49 À 0.03 9 Si) [27] , 0
IV. METALLURGICAL MODELS
The amount of the fraction of solid formed is controlled by the heat flux released by the temperature drop in the eutectic region. [2, 4] Thus, the fraction of the liquid can be used to describe the solidification process to the eutectic growth temperature by assuming that a certain number of nodules are formed when the solidification starts, and the growth continues according to the kinetic laws valid for the type of growth process of interest. The rate of solidification for NCI eutectic growth can be expressed by the Johnson-Mehl relation, the diffusion laws for the reaction described below and by assuming that the total number of growing units are constant during the solidification. A detailed description can be found in References 5 and 6. The schematic phase diagram together with the eutectic cell growth and interface concentration is described in Figure 2 . The Johnson-Mehl relation is as follows:
where f s is the fraction of the solid, N is the total number of nodule counts per unit volume, and r is the radius of the graphite-austenite shell. The values used in Eqs. [12] and [13] are presented in Table I . The growth rate of graphite is controlled by the diffusion of carbon from the liquid into the graphite nodules through the austenite layer. Hence, the growth rate for graphite can be described by References 2, 4:
where dr g /dt is the growth rate of graphite, D The above equation can be related to the growth temperature according to the following relation [26] :
where DT is the undercooling temperature and r g is the radius of graphite. The values employed in Eq. [15] are presented in Table I . By calculating the fraction of solid with the COMSOL heat transfer module and using these values in the Johnson-Mehl equation, the growth rate and size of the nodules can be calculated. By setting those values into Eq. [15] , the solidification temperature is found as function of time and fraction of the solid.
Then, the radius of the graphite can be found by integrating the above equation to obtain:
where t is the time and r is the radius of the eutectic cell (graphite-austenite shell). The boundary conditions taken for the graphite during the computation are as follows:
If we consider a ternary alloy with Fe-C-Si, then the C and Si concentrations in the melt during the eutectic reaction will be different from the concentration of these elements at the beginning of the solidification due to segregation. [28] Hence, the concentrations of the elements in the melt can be expressed with the initial concentrations of the elements, the fraction of the solid and the fraction of each phase present in the solid fraction. For the silicon concentration, Scheil's equation is applied as follows:
where X l Si is the concentration of Si in the melt at an arbitrary point during the eutectic reaction, X For the carbon concentration, the lever rule is valid. The concentration of carbon in the melt for a eutectic reaction can be expressed as follows:
where X l C is the concentration of C in the melt at an arbitrary point during the eutectic reaction, X 0l C is the initial concentration of C in the melt at the start of the eutectic reaction, f c,g represents the fraction of austenite and graphite, k c=l C is the partition coefficient of C at the c/l interface, and k g=l C is the partition coefficient of C at the g/l interface.
These two relations are used to demonstrate the segregation patterns of Si and C during the solidification process. These equations will also be used to demonstrate the segregation pattern of magnesium and oxygen and the nucleation of the magnesium oxides, which will nucleate on the graphite.
V. COUPLING OF NUMERICAL AND METAL-LURGICAL MODELS
The coupling of the numerical and metallurgical models was realized by considering Eqs. [1] through [17] . The simulation is performed using COMSOL Multiphysics 5.2a. [29] The program has a built-in heat transfer module for the stationary and time-dependent models. In our case, since the simulation considers a transient solidification process, the time-dependent study was chosen. A user-defined extra fine mesh was selected during the simulation so that the computation time is at a minimum, and at the same time, the simulation is performed without a convergence problem.
A. Materials selection and Thermophysical Data Used in the Simulation
Different materials were selected from the COMSOL library for the simulation, but some modifications were made for some variables, such as the heat capacity, thermal conductivity, and density of the melt since they change with the temperature and solid fraction. Similarly, for the sand mold and core sand, the heat capacity, thermal conductivity, and density are expressed in terms of changes in temperature. The mathematical expressions for the respective terms are included in Eqs. [3] through [8] .
For the sand mold and core, the chemically bonded furan shell and molding sand were selected, respectively, from the material library, and the terms were modified.
For the melt, ferritic ductile iron was selected from the material library, and the heat capacity, thermal conductivity, and density were modified. The chemical composition of the alloy is summarized in Table II. For the steel channel tubes, AISI 4340 steel was selected from the material library.
The liquidus, eutectic, and solidus temperatures were used as the boundary criteria to bound the solidification computation and estimated by considering the C: 3.5 wt pct, Si: 2.4 wt pct, and P: 0.01 wt pct contents of the alloy according to Reference 12
where T liq , T eut , and T sol are the liquidus, eutectic and solidus temperatures, respectively.
B. Assumption and Geometric Selection for the Simulation
A 2D heat transfer module in a fluid with time dependence was selected for the simulation. The casting is symmetrical along the XY plane and only a quarter of the casting is taken for the simulation, so as minimize the computation time (Figure 3) . Lines AA¢ and AB¢ are taken as thermally insulating boundaries; hence, there is no heat transfer in or out from these surfaces (Figure 3(a) ). Arc A¢B¢ is assumed to have contact with air, and radiation and convection heat transfer are included in the computation. At arc CC¢, the sand mold is assumed to have perfect contact with the melt; thus, any air gap that is present is neglected to simplify the model and consider a continuous heat flow from the melt to the mold and then finally into the atmosphere. Similarly, the core sand and steel channel tubes have perfect contact with each other and with the melt, and the air gap was neglected. Lines AA¢ and AB¢ in Figure 3 (a) were taken as the thermally insulating boundaries to simplify the equations; Hence,
The initial values and boundary conditions for the steel channel tubes, sand mold, and core sands are taken at room temperature.
CÞ:
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The initial temperature of the melt is considered to be uniform all over the molten metal and taken as the pouring temperature, i.e.,
Using Eqs. [13] , [16] , and [17] for the temperature range between T liq and T sol , the fraction of liquid can be determined. Then, the density, heat capacity and conductivity can be determined using Eqs. [3] through [5] . Finally, the cooling curve for the casting can be calculated using Eqs. [1] , [2] , and [9] through [11] . In all the calculations, the temperature is in degrees Kelvin.
VI. RESULTS

A. Structure Analysis
The microstructural results in the middle section of the downhill casted BWR and PWR inserts at two different locations are shown in Figures 4, 5 and 7 . The microstructures reveal that the nodule size, number, and segregation patterns are different for the different locations. In the case of the BWR insert, the nodules that formed between the steel channel tubes are greater in number and closer nodule size distribution, whereas in the PWR insert, the nodule size distributions are wider in both investigated areas. This result is mainly due to the long solidification time interval and large differences in the cooling rates present at the different locations of the casting. The nodule becomes coarser at certain positions where the solidification time interval was longer in both the BWR and PWR inserts. The last solidifying parts in both inserts also have a greater number of coarser nodules. The pearlite fraction in the micrographs are also different in different sampling locations over the cross section.
The nodule count and size distribution along the study areas of the cross sections for the BWR and PWR are reported in Figure 6 . A comparison between D2 and D8 for the BWR insert indicates that the nodule size distribution is quite wide. The measurement confirms that D2 has relatively large number of coarser graphite nodules compared to the smaller ones, whereas D8 has a large number of smaller graphite nodules compared to the coarser ones. The total number of nodule counts mm À2 for D2 and D8 are 57 and 311, respectively. The PWR insert has more fine nodules at location D3 than at D7, whereas a large number of coarse nodules observed for the reversed positions. The total number of the nodule counts mm À2 for D3 and D7 are 29 and 17, respectively.
The etched microstructures are samples taken from the representative cross sections of the inserts (Figure 7 ). The shade difference reveals the pattern of Si segregation along the micrograph by displaying the structure over a specific color variation range. [30] The location where the solidification occurs early is highlighted with specific colors, whereas the part that solidified late is highlighted with different one. At the same time, the Si segregation is found to be higher in the early solidified part and lower in the last solidified parts According to the etching result, the graphite-austenite shell exhibited more clustering in parts with longer solidification intervals. In the last solidified part, shrinkage pores and carbides were formed. The graphite nodule with a longer solidification interval, which was formed during the early stages, appeared to be much coarser than the average size. These nodules are mostly found on the etched samples D2 in BWR and D7 in PWR. The two sampling locations are supposed to be the positions in the cross section that solidify last. The simulated cooling curves from the COMSOL Multiphysics simulations also confirm the hypothesis drawn from the etching results.
B. Simulation Results
BWR insert
The temperature distribution profile during solidification along a section of the BWR was simulated, and the results are presented in Figure 8 (a). According to the simulation, the last solidifying part is located where the majority of the liquid is present. This observation can be seen by referring to the temperature scale bar in Figure 8 , where the top of the scale bar refers to a temperature of approximately 1453 K (1180°C), and the bottom of the scale bar refers a temperature lower than 1373 K (1100°C).
Similarly, the heat flux released from the BWR casting during the solidification was simulated, and the results are shown in Figure 9 (a). Streamlines represent the direction of the heat flux at 5250 seconds. By considering a number of heat flux simulations at different time intervals from the start of the solidification until the molten metal completely solidified, the magnitude and direction of the heat flux change. During the early stage of the solidification, the heat flux mostly passed into the sand mold and the core sand through the steel tubes. Then, after the temperature of the core sand roughly reaches 1373 K (1100°C), the heat flux is mostly directed into the sand mold, and some of the heat goes back into some parts of the casting where the temperature drop is higher. To assess this, we chose the simulated temperature profiles for selected positions that are represented in Figure 3 . These specific locations were considered because of the structural and mechanical variations observed after the tests carried out in these areas. As a result of the heat flux, a temperature increase was observed at location D8 of the BWR casting before the insert completely solidified.
According to the temperature-time curve shown in Figure 10 (a), the BWR insert completely solidified after approximately 2 hours. The last solidified part of the insert is located at point 2. The two cooling curves, represented by T 2 and T 8 for the BWR insert, are completely different from one another. The cooling rate at location D8 is approximately 49 K min À1 , and it is not possible to see the phase change area; however, the temperature increases roughly to 1273 K (1000°C) after it reaches the eutectoid point.
The temperature profiles of the cast centerline and core sand, and the representative lines in the cross section that were used in the simulation are shown in Figure 3 . The different time intervals show the temperature variations (Figure 11 ). According to the heat source that surrounds the core sand, the upper and lower core sands of the BWR insert have different temperature profiles at different time intervals. Essentially, the lower core sand shows a lower temperature increase at opposite ends of the insert during the solidification, whereas the upper core shows a higher temperature increase on the opposite sides of the insert. According to the simulated temperature results from the line analysis, the last solidifying part is roughly at a 315-mm arc length from the center of the cast in the BWR inserts.
The microsegregation pattern calculated using Eq. [18] is present in Figure 12(a) for the BWR insert. The black line represents the Si concentration changes in the liquid as the solid fraction increases, whereas the gray line shows the concentration changes in C in the liquid as the fraction of the solid approaches one. The weight percentage of C in the liquid increases from 3.51 to 4 as the solid fraction increases. Whereas the weight percentage of Si in the liquid decreases from 2.35 to 1.47 as the solid fraction increases due to microsegregation.
PWR insert
The simulated temperature distribution profile of the PWR insert is shown in Figure 8(b) . The result indicates Fig. 6-(a, b) The nodule size and count distribution mm À2 along the study area for BWR and PWR inserts, respectively. The total investigated area for (a) 27.7 mm 2 that the last solidified part of this insert is at the center of the casting. In Figure 8 , the top of the scale bar refer areas where the temperature is above the liquidus point and the bottom of the scale bar refer areas below the solidus temperature. The heat flux is directed to the sand mold and core sand through the steel channel tubes during the early stage of the solidification. After the temperature of the core sand and steel channel tubes reaches a certain peak, the majority of the heat flux is directed towards the sand mold and then the surrounding atmosphere, as shown in Figure 9 (b).
In Figure 10 (b), the cooling curves of the PWR insert are reported for two locations. According to the temperature-time simulation results for locations 3 and 7, the insert is completely solidified after approximately 11 hours. The last solidified part is located at point 7 in the section. By looking at the curves for T 3 and T 7 , one can identify that the cooling curves are different. T 7 has a relatively higher cooling rate than T 3 before solidification. However, after the solidification is completed, the cooling rate is relatively constant at both locations.
In Figure 11 , the variation in the temperature profile with time for the core sand and casting centerline in the PWR insert is displayed. The opposite ends of the core sand temperature are essentially at the same level. The middle part of the core sand temperature increase is noticeable until it reaches a certain peak with increasing time. The temperature profile of the casting centerline indicates that the last solidifying part is at the center of the PWR insert.
The microsegregation pattern of Si and C in the liquid for the PWR insert is represented in Figure 12 fraction increases. In contrast, the weight percentage of C in the liquid increases from 3.51 to 3.89 with an increasing solid fraction.
VII. DISCUSSION
In the calculations, we have assumed that all the graphite nodules are nucleated at the start of the eutectic reaction. The microstructure shows that this is not accurate, but the temperature-time curve illustrations are still reasonably correct in spite of this.
The coarseness and variations in the microstructure very much depend on the nucleation of graphite nodules. The more nodules nucleated, the finer the structure appeared. By a carefully analysis of the central part of the graphite nodules, it was found that all nodules are nucleated on an oxide or a sulfide. In most Fig. 10-(a, b) Temperature-time curves during solidification at selected locations in BWR and PWR inserts, respectively. The nodule counts used in the simulation for PWR and BWR are 2.5E5 and 2.15E6 m À3 , respectively. cases, the oxides were of the type MgO. This result was also observed in a series of work by Muhmond.
[ 31] Muhammed observed that of least 90 pct of all graphite nodules where nucleated on MgO particles. As discussed in the previous paragraph, an uneven distribution and a large variation in the number of nodules were observed. These effects can be explained by a variation in the nucleation of MgO in the different parts of the insert. Muhammed analyzed the effect of cooling rate on the nucleation of MgO. At high cooling rates of the liquid, new MgO particles are found continuously. This new particle formation might also be the case for point 7 in Figure 4 (b) in our case. The microstructure shows a greater number of small crystals compared with in any other region. This result is an indication of continuous nucleation during the cooling prior to solidification. In the other three cases, a few number of graphite nodules are formed at the start of the solidification.
The possibility of multiple MgO nucleation sites at different fractions of the solid during solidification is shown in Figure 13 . During the solidification process, both Mg and O segregate. In the figure, the solubility product of Mg and O is presented as the solid fraction and provides the equilibrium products. The figure shows that the MgO particles are precipitated at certain intervals of the fraction of the solid. In the beginning, MgO nucleates when the solid fraction reaches approximately 0.37 during the solidification process. Then, when the solid fraction reaches approximately 0.74, the second MgO nucleation occurs. One new graphite nodule is nucleated on those MgO particles. This nucleation process explains the observations of large number of small crystals in the structure observed in sample D3.
Fine structure is observed in the first solidified regions in the central part of the PWR insert, whereas a coarser structure is observed in the last solidified parts. On the other hand, in the case of the BWR insert, fine structure is observed in the central part over the entire cross section. This result is expected because of the higher cooling rates in this region shown by the cooling curves. The nodule count mm À2 in the PWR is much lower than that in the BWR in both cross section locations. According to Figures 8 and 10 , the last solidifying parts for the PWR and BWR are different. The BWR insert has a short global solidification time interval, whereas the PWR has a longer interval. Additionally, when the temperature in samples D3 and D7 increase, most likely a fewer number of graphite nodules are formed. A larger number of small nodules are formed when the temperature starts to decrease again.
The degree of the microsegregation is found to be different in the BWR and PWR inserts. According to the calculations, the BWR insert has a lower degree of microsegregation than the PWR insert due to the higher cooling rate (49 K min À1 ) in the liquidus region. On the other hand, the microsegregation calculation for Si agrees with the etched samples. In both cases, the Si concentration is less in the last solidified liquid.
In the cooling curves and Table III , the results suggest that the cooling rates at each location are different from one another for both inserts. These differences will lead to different precipitation amounts of austenite during the early stage and different solidification paths over the various cross sections.
The fraction of liquid changes with time for the BWR is much higher than that for the PWR, as shown in Figure 14 . As mentioned earlier, this change will lower Fig. 12-(a, b) The microsegregation patterns, showing the weight percentage of C and Si in the liquid with increasing solid fraction, for BWR and PWR inserts, respectively. the diffusion of carbon through the austenite layer in the BWR. As a result, the graphite nodule appears smaller in the BWR insert. On the other hand, the cooling rate after the solidification in the PWR is relatively higher than that in the BWR. Consequently, the fraction of pearlite formed in the final structure of the PWR insert is higher.
VIII. CONCLUSION
There are nodule size and count variations along the different parts of the analyzed section. The nodule size variation is greater in the PWR insert, but the count mm À2 is lower and closer.
The color-coded microstructures reveal that the pores are formed on the last solidified parts where fewer nodules are present, and carbides are precipitated.
The simulation results suggest that fine nodule structures are related to a higher cooling rate and a lower degree of microsegregation, whereas the coarser nodules are related to lower cooling rates and a higher degree of microsegregation.
The solidification time interval for the PWR insert is approximately five times higher than that for the BWR insert. The last solidification point of the inserts is also different along the reference sections due to the differences in the mode of the heat transfer as a result of the geometric and liquid volume differences.
The cooling rate and the degree of microsegregation of carbon in the liquidus region are the influencing factors for the graphite nodule variations in the different cross sections.
